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SQflUHX 
Ä series of experiments vrere conducted at the Georgia Institute 
of Itechnology to determine the applicability of the hydraulic analogy 
in the transonlc testlng of subsonic type airfoils. Iwo roundnose air-
foils of sixteen per cent maximum thickness, but of different shape, 
were tested in order to compare the effect of shape on the behavior of 
pressure distribution and lif t, drag and moment coefficients in the 
transonlc region« 
The airfoils, the Goldstein \hh?/X$U7 and the Gottingen 62U, 
were tested at six angles of attack from - 2.5° to / 6#£° and at six 
Mach numbers from 0*57 to 1.U7» Hesults were compared with wind-tunnel 
data at the extremes of the velocity region to ascertain the degree of 
correlation possible with the analogy. Qualitative comparlsons of the 
airfoils irere possible over a major porbion of the velocity region. 
Ihe hydraulic analogy, wherein free surface liquid floir is anal-
ogous to the two-dimensional flow of a compressible gas, is easily 
applied to experimental work. ttie water Channel was f ound to be a 
desirable test devlce* de water Channel and associated equipment com-
prise & minimum of equipment when compared to the wind-tunnel. Die 
analogy is sduxple to apply experlmentally and the Channel is easily 
operated. 
It was f ound that the degree of correlation obtained using the 
analogy with wind-tunnel data varied with test Mach number. The 
comparison of water Channel and Trind-tunnel results, applying the analogy 
directly and with a modification, formulated the following conclusions. 
1. At supersonic Jfach numbers the degree of correlation is high. 
Water Channel data is in close agreement with wind-tunnel 
results* 
2. "Water Channel data is, at best, qualitative in nature at sub-
sonic speeds when using airfoils of the type tested in this 
thesis. 
3. Further investigation is necessary in order to ascertain 
effects of viscosity, surface tension and boundary interfer-
ence in water Channel data. 
U. Hesearch is required to fully determine the effects of 
difference in specific heat ratios in transonic gas flow. 
A comparison of the behavior of the two airfoils indicates that 
airfoil shape is of considerable importance in the transonic region. 
A qualitative comparison demonstrates two important facts. 
1. The airfoil designed for high subsonic speeds (the Goldstein 
lkh2/l$kl) also has more desirable characteristics at high 
transonic and supersonic velocities than the low subsonic 
type (Gottingen 62U). 




Before the advent of World War II only theorists and a f ew ex-
perimentalists -wer© interested in transonic and supersonic flight« How-
ever, the war caused such rapid development in aircraft and their englnes 
that bef ore the end of the conf lict designers were f aced with entirely 
new problems in aerodynamics. Although supersonic flight, once achieved, 
has many problems for the designer, the major difficulties lie in the 
velocity regime where compressibility effects are first noticed up to 
the point where all flow is supersonic« This region is hard to define 
and differs for each body in flight. It is in this region that very 
little is known at the present time. 
The very nature of the air flow in the transonic region makes 
theoretical work very difficult and experimental work doubtful. Biis 
«mixed flow", partially subsonic, part supersonic, cannot usually be 
predicted by application of present accepted theories. Biese theories 
deal mostly with three types of flow; incompressible subsonic, com-
pressjüble subsonic and compressible supersonic. The few theories deal-
ing with mixed flow are so limited in scope at the present time, that 
application to most practica! problems is extremely laborious, if not 
actually impossible. 
Because of the diff iculties in solving transonic flow f ields by 
theoretical means, designers have been forced to rely on experiment. 
Ever since the first "buffeting", "tuck under" and "drag rise" phenomena 
were encountered near the "sonic barrier", testing methods have been 
devised, or attempted, to give corresponding results on test aircraft 
or modeis, These methods, to name a few are: fired missiles with modeis 
attached, modeis mounted to high speed aircraft, free fall raodels and 
modification of existing subsonic tunnels. The problems of accurate 
measuring devices and limitation of the types of study made are evident 
in the first three testing devices mentioned, Accurate wind-tunnel 
testing at transonic speeds is to be desired, The number of factors 
that can be observed and measured in this method are large compared to 
the other procedures, 
Since the wind-tunnel has been established as a Standard testing 
device, for both subsonic and supersonic flow, it would be well to 
examine the possibilities of the wind-tunnel for transonic flow, How-
ever, the problem arises in obtaining free flight conditions in a wind-
tunnel, There are four major problems to be met in wind-tunnel testing 
at transonic speeds,• ühese are briefly stated below, 
(a) Establishment of transonic flow is a primary consideration, 
HS/hile the power required is naturally large one of the main problems is 
in the extreme care that must be taken in area consideration, Boundary 
layer thickness, physical diraensions of the tunnel, anything that can 
äffect the area ratios must be carefully controlled. Sie physical 
characteristics of the air itself, down stream and/or upstream conditions 
are inrportant, 
(b) Ihe blocking or chocking effect of the model can be cons idered 
separately, but has a lot to do with the initial establishment of the flow, 
3 
The model must be kept extremely small to keep from forming a shock in 
front of the model that completely chokes the tunnel or limits the test-
ing Mach number. 
(c) Boundary effect is another major problem. The pressures 
and therefore the forces on the model are affected by any alteration 
of the flow caused by the tunnel walls. Corrections for this effect 
are still being developed for subsonic and supersonic testing and tran-
sonic flow offers new problems. 
(d) Shock wave reflection from the tunnel walls also causes 
concern. ühe ref lection from a shock preceeding the model at super-
sonic speeds or from shocks from some point on the model itself may 
completely disrupt the flow on part or all of the model, causing any 
observations to be in error. 
!Eie answer to at least the latter three is the extremely small 
model» But here the problem of accurate measurement of extremely small 
forces and the effect of Supports becomes predominate. Problems such 
as noise, danger to Operator, building, operating and maintaining the 
tunnel are considerable but can usuaüly be solved without great diffi-
culty and lavish use of money. 
Three methods of wind-tunnel testing are in use for transonic 
work. The flexible wall tunnel can be of great assistance in estab-
lishing high subsonic Mach numbers and decreasrng interference effects. 
Ine bump method of accelerating the flow is used a great deal but re-
quires three dimenaional reflection type model of small size and does 
not giwe a constant Mach number over the span of the model. It does, 
however, use Standard high speed tunnels. Eecent developments are the 
slotted throat and porous "wall tunnels that alleviate many of the afore-
mentioned problems. These devices are still in their infancy and the 
results f rom these tunnels are still doubtful. 
That the transonic region is important is obvious. Until greater 
propulsive power is available, there is a physical limit to practical 
speeds. Only a few experimental aircraft are above transonic velocities 
at the present time. Future supersonic aircraft must pass through the 
sonic speed in at least two phases of their flight and long ränge flight 
will probably be high subsonic in nature. It is evident that testing 
methods need to be established for this velocity ränge. 
The use of analogies can often be of great value in the Solu-
tion of a problem. There are two analogies to compressible flow in 
gases. They are the electrical and the hydraulic. It is the latter 
that is the concern of this thesis. The theory and application of the 
hydraulic analogy is explained in another section. This analogy has been 
shown in previous works to be of great value in siraulated supersonic 
testing. The simplicity of construction and ease of Operation of test-
ing devices and the low test speeds involved all add to its practica-
bility. Even though its use is limited to the two-dimensional case 
results could be of great value, even if of a qualitative nature. 
The purpose of this thesis can be said to be twofold. First, 
to investigate the use of the hydraulic analogy as a test device for 
the transonic region. Second, to use the analogy to compare the behav-
ior of two thick airfoils of different shape but equal maximum thickness. 
The thick airfoil is desirable structurally and may offer a Solution to 
other problems of near-sonic flight. Such theory that exists concerns 
and doubtful, In view of this, it is hoped that the results of the re-
search contained in this thesis will establish an easier aethod of tran-
sonic testing and supply data that can be supplemented to form an 
extensive study in a field where little work has yet been done, 
CH4PTER II 
TRANSGNIC FLOW 
Theoretical«-~Precisely speaking, air fl<w is compressible, viscous, 
neither adiabatic, isentropic or irrotational in nature. To derive 
flow equations of a practical nature involving all variables and satis-
fying all conditions has been, to date, an insurmountable task. Ikm-
ever, certain types of flow may be analized theoretically by making 
sinrplifying assumptions that do not äffect results to a great extent. 
The types or classes of gas flow that are treated in this manner and 
yield applicable results within specified bounds are: (a) incompress-
ible, non-viscous, (b) incompressible viscous and (c) compressible, 
non-viscous. Several methods of analyzing flow in each of the types 
have been developed, the complexity of the method depending upon the 
liraitations. 
üntil about fifteen years ago subsonic flow was of utmost 
importance. ühe non-linear equations of flow were simplif ied by assum-
ing air to be a perfect gas, incompressible and irrotational in nature, 
Resulting linear differential equations could be used with arbitraiy 
airfoils to predict flow patterns, pressure coeff icients and other 
aerodynamic coeff icients with very good results. üfte study of viscous 
f lows and resulting boundary layer build-up has undergone extensive 
study« In this type of flow, Reynolds number is the important simil-
arity parameter. 
The consideration of compressible flow presents flow equations 
that must be linearized differently than the equations of incompress-
Ible flow. Subsonic flow was linearized in part by neglecting com-
pressibility. Ackeret was one of the first to linearize the supersonic 
equations. His method was to apply the small Pertubation method to flow 
Problems. This method implies that velocity changes around a body are 
small in comparison to the velocities far from the body and sonic veloc-
ities. This theory therefore has the proviso of slender bodies. 
Ttie Chaplygin hodograph method does not linearize the flow equa-
tions but does present a usable method. Usable in a restricted sense, 
however. Arbitrary shapes can only, with the greatest of difficulty, 
be transformed to the hodograph plane. Thus flow problems may be solved 
with a good degree of accuracy for supersonic and low subsonic flow. 
However, compressibility effects carmot be ignored for high subsonic 
velocities. The basic assumption of incompressibility must fail when 
the flow begins to be äffected by compressibility, density variations 
and shock waves. As the Mach number approaches unity (flow of sonic 
speeds) the small perturbation method falls also, even for very thin 
bodies. Bie Prandtl-(Hauert correction factor Vl'M2' is hardly 
applicable at near sonic velocities. Neither can the Karman-Tsein 
hodograph method be applied since Vl-M2' is also involved in this 
Solution, Hef. 1. 
Ifce foregoing paragraph has partially outlined the transonic 
flow problem. Before proceeding the types of transonic flow will be 
described. The word "transonic" defines this type of flow very aptly 
as those velocities that span sonic speed. This transonic region may 
be broken into three types where flow over a body is concerned, Fig. 1. 
The f irst compressibility effects usually occur when the velocity 
over the airfoil reaches sonic speed at some point. The free stream 
velocity at which this first occurs may well be called the "lower crit-
ical Mach number" as suggested by von Karman. Fig. 1 (a) illusträtes 
this flow. 
At some free stream sübsonic velocity flow around a body cannot 
exist without the presence of a discontinuity (shock wave), Fig. 1 (b). 
This region is known as the "limiting Mach number" and may exist even 
in a non-viscous fluid. 
At supersonic free stream velocities bodies having other than 
sharply pointed leading edges will have a curved detached shock pre-
ceeding them, Fig. 1 (c). There is a sübsonic region behind the normal 
and near normal portion of the curved shock surrounding the leading edge 
of the body. Hie extent of this region depends on the shape of the body 
and the free stream Mach number. 
As could well be expected with a mixed flow regime, the theory 
concerning it is in somewhat confused state. Prandtl and Glauert, 
Karman and Tsein were among the f irst to propound corrections f or com-
pressibility effects. These dealt primarily with conditions involving 
the lower critical Isäach number. Based on some form of linearization of 
the flow equations, their corrections break down at transonic velocities 
due to the mixed character of the flow. Some degree of non-linearity 
must be kept in Order to obtain non-trivial results. The present approach 
is that of dimensional analysis, the results known as the various sioil-
arity laws or rules. Here the flow equation is kept with all the pertinent 
:; 
variables, "ftie equation may be considered to have "degrees of freedom" 
equal to the number of variables less the number of basic flow equations 
that must be satisfied. Simplifying assumptions raust still be made, but 
their magnitude is not as great as before. In all cases to date two re-
strictions have been put on the usage of the similarity laws: 
1. Qnly those velocities very near sonic speeds may be considered. 
This region is approximately M = 0.8 to 1.2 or less. 
2. QrQy small thickness/length ratios were used. Airfoils of 
six per cent or less thickness ratio are usually cons idered. 
To obtain mechanically similar flow subsonically Reynolds number 
is the similarity parameter. To obtain similar f low supersonically Mach 
number is used. The results of transonic flow dimensionless analysis 
yield a transonic similarity parameter. As many of these parameter exist 
as authors who have examined the problems. Kanaan, Kaplan, Busemann 
(Refs. 2, 3 9 and h respectively), and several others have examined the 
transonic similarity conditions and arrived at somewhat different re-
sults. However, all are similar in the applications and variables treated. 
Karmanfs similarity parameter, (Ref. l), is 
K = 
M * - I l 
L(!)*J 
Kaplan, Hef. 2, shoira i t to be 
t - M « 
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Busemann, Ref. 3> uses a disturbance velocity potential, <p , to 
develop a "parabolic formula" using the basic equation 
*« + VY> -- ° 
He states a warning to the scientist in these words: 
As long as similarity is used as a sideline for theory, its limita-
tions may not be exceeded except for explanatory purposes. As a 
tool of experimental research, similarity may more likely Vary be-
tween too narrow and too broad applications, or it may become f ixed 
to a Standard form until its generality is rediscovered from tijne 
to time. 
Actual computation of pressure coefficients by theoretical methods 
in transonic flow is def initely in its infancy. The detached shock, and 
its associated probleras has been considered by Ferri in Ref. 22 and 
others. The interaction of boundary layer and shock waves presents 
other problems which have been essentially solved. 
Experimental,—iüxperimental research in the transonic region is, in the 
main, of a classified nature at the present time. The problems asso-
ciated with experimental transonic research have been stated previously 
in the Introduction. However, there is available enough information to 
draw several conclusions: 
1. As demonstrated by Liepman, Ref. k the type of flow, laminar 
or turbulent has considerable effect on pressure distribution and shock 
wave formation. 
2. The results in Ref. 5> shows that for the airfoils tested the 
section drag varies little with maximum thickness location. Idft-curve 
slope, the angle of zero lift are adversely affected, however. Also 
shown in this report is the fact that drag may be reduced only by 
u 
decreasing the ~ ratio. The statement conceming drag is open to 
question. 
3. Enough data is available to establish similaritar parameters 
for transonic flow, ühis applies to both tvro and three dimensional 
cases, but can be applied only in restricted cases, 
U# The methods of obtaining transonic data leave much to be 
desired and results must be carefully examined before application. 
CHAPTER IU 
THE HTDRAULIC AKALOGY 
Historical«—The use of analogies has always beeil of importance in 
scientific endeavor. Simplification of both experimental and theo-
retical problems m y be accomplished through similltudes. In the 
hydraulic analogy to compressible gas flow the similarity of the flow 
of a free surface liquid to the two-dimensional compressible flow of 
a gas offers a possible Solution to several of the problems encountered 
in experimental aerodynamics, The application of this analogy involves 
the flow of a shallow liquid past an iramersed model. The depth and ve-
locity of the fluid determine the flow parameter corresponding to Mach 
number in gas flow. The advantage of the analogy is that, to obtain 
agreement of flow parameters, the velocity of the liquid is much less 
than that of the gas, Thus the margr problems associated with high ve-
locity gas flow can be sidestepped in favor of a low speed liquid with 
the resulting savings in power, complexity, etc. 
The idea of the hydraulic analogy f irst appeared in published 
form in 1920 when Jouquet, Ref. 6, mentioned the analogy and its pos-
sibilities. The mathematical basis was presented by Riabouchinsky, 
Ref. 7, in which he also described his apparatus for investigating the 
flow in a Laval nozzle. He extended the theory to inelüde drag con-
öiderations and outlined the probable usefulness of the hydraulic 
analogy, Ref. 8. In Ref. 9 Binnie and Hooker made surveys along the 
center line of a Channel with a constriction. Preiswerk»s theoretical 
investigation, Ref. 10, together with his use of the method of character-
istics to solve flow in a Laval nozzle proved conclusively that the 
methods of gas dynamics could be applied to wator flow with a free surface» 
In Ref. 11 Grlin, Lindner and Bitterly conducted Photographie and 
depth studies for flow about circular cylinders. Ihese studies together 
with work by Laitone, Ref. 12, and Harleman, Bef. 133 further sübstan-
tiates the use of the analogy as considered in these reports. 
Several assumptions must be made in the mathematical development 
of the analogy. 
1. The flow is irrotational 
2. The vertical accelerations in the fluid are negligible com-
pared with the acceleration of gravity. The pressure in the fluid at 
any point depends only on the height of the free surface above that 
point. 
3. The flow is steady. (Although the analogy can be applied to 
accelerated motion). 
lu The fluid is incompressible. 
5>. Pressure at the free surface is constant. 
6. Surface tension forces are negligible. 
7» The flow is frictionless and adiabatic. 
8. The gas is polytropic; internal energy is a funetion of 
temperature alone. 
ühe first and last assumptions cause very little trouble in 
establishing the analogy« The f ourth and f ifth are aeeepted as basic 
assumptions in hydraulics. Vertical accelerations are usually low for 
the flow speeds involved. Surface tension and friction effects will be 
•; 
disoussed later in the chapter Discussion. 
The theory and mathematical development of the hydraulic analogy 
may be found in Refs. 10 and 13. ühe following is a condensation of 
these presentations• 
Mathematical derivation,—The fundamental equations of flow for a free 
surface liquid and a gas may be developed in order to establish the 
analogy« They are compared in equations 1 through 6« 
The continuity equations: 
d(ucO dOvd) 
= o + A u = Free Surface Liquid ( l ) 
— -f- w Gas (2) 
The energy equations: 
v* = 2gCdo -<*) 
^ma* S ^ / ^ T *• 






1* ^ (Üb) 
The veloci ty Potent ia l d i f fe ren t i a l equation: 
Uquid (5) 
Gas (6) 
J^om equations (1) and (2) the analogy 
t • t 
can be derived* 
If from equations (3) and (10 V / V ^ ^ f o r the liquid is equated 
to V/ 
4o-4 _ To-T a _J[ 
or T0 a. T„ (8) 
For adiabatic, isentropic flow of a gas 
JL .- (J-) » 
and since from the analogy 
then 
P a . JT 
* = 4* T0 
(t f •k aod r= "Z-o 
(9) 
From the relationship 
JL = f f ) r 
P. vß y (io) 
it is seen that 
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p- U J (ii) 
The velocity potential equations (f>) and (6) show that 
«3 <=* a ° (12) 
Equation (12) shows the velocity *i *3 *=* corresponds to the 
velocity of sound in gas flow. In the Discussion section it is shown 
that V*3 *$ may be considered the velocity of propagation of surface 
waves. 3nis Statement is true only if the wave length of the surface 
waves is large compared to the water depth. 
ühe ratio yVs«*i known as Froude number in hydrodynamics corre-
sponds to the Mach number, V/a, in aerodynamics. If the velocity is 
less than ̂ 9«% »(M<>l) the liquid is said to be "Streaming". If 
the flow is greater than V<3<*4 i (M>0 the water is said to be 
"shooting". 
It may be shown that under certain conditions, in shooting water 
(and only in shooting water) a discontinuity in the flow may occur. 
This discontinuity wherein the velocity of the flow decelerates to 
"Streaming" and the depth increases is known as a hydraulic jump. 
Ifyüraulic jumps of small intensity are propogated with the velocity 
V^dJ and correspond to sound waves. Harleraan, Ref. 13 has a rig-
orous development of the analogy for normal and oblique jumps in fluid 
flow to the shock waves in gases. 
The analogy may be summarized as follows: 
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Compressible Gas Flow Free Surface Liquid Flow 
Temperature ratio, •=-
~c 
Pressure ratio, ~ 
Velocity of sound, a 




Water depth ratio, T 
Water depth ratio,-j 
Square of Trater depth ratio,!-3 ) 
Wave velocity, c 





Hsncef orth, unless stated otherwise, Mach number will refer to 
both V/a and N^göT , Froude number, 
Substituting equation (3a) into the expression 




Slmilarly the loca l Jilach number may be f ound to be 




For isentropic Channel flow the pressure coefficient may be 
establ ished as 
a ft-P« = PA-PS 
9 
rM* (11.) 
simplifies, for the hydraulic analoge, to 
c P - [ ( ty ->]s (15) 
CHAPTER 17 
EQUIPMEKT AND PROCEDURE 
The -water Channel.—There are two types of water Channels suitable for 
use in the application of the hydraulic analogy, viz: 
(1) One in which the model is stationary and the fluid flows 
past the model. 
(2) One in -which the model is moved through still fluid. 
Both types are in use today, The Massachusetts Institute of Techno-
logy and the NACA at Langley Field use type 1. Georgia Tech and the 
University of Califcrnia have Channels of Type 2. The advantages of 
each may be summarized as follows: 
type 1 
(a) Pressure and depth measurements are easily taken by f ixed 
or semi-fixed devices. 
(b) Flow patterns may be observed and photographed with greater 
ease. 
(c) Model wear and distortion, especially in the case of wooden 
models, is negligible and installation is easier. 
type 2 
(a) Simplicity and low cost of construction is of prime 
importance* 
(b) A greater ränge of speeds is possible. 
(c) The study of accelerated flow is possible. 
(d) There ia no boundary layer buildup on Channel floor and sides. 
20 
(e) The method of establishing speeds is easier. 
As stated previously, !fype 2, wherein the model is moved through 
still fluid, is used in this report. A general view of the -water Channel 
is shown in Fig. 2, page i+6 • The frame is of bolted, structural steel. 
This frame supports a Channel four feet wide, twenty feet long and ap-
proximately one and one-fourth inches in depth. Übe bottom of the 
Channel is one-fourth inch plate glass in two five foot sections and 
one ten foot section. Ihe ten foot section is located at the "test 
section" giving a longer span of continuous floor. These plates are 
supported transversely by steel members at intervals of thirty inches 
and longitudinally at the edges by the frame. The legs of the frame 
are at five foot intervals and rest on screw jacks enabling the glass 
bottom to be leveled to within 0.005 inch at all points. Slight warp-
ing of the structure and sag of the glass prevents any closer tolerances 
to be held with any amount of practicability. The leveling is accom-
plished by neans of a depth gage; this Instrument also being used to 
determine the static depth of the water before each run. This gage 
can be read to 0.000f> inch and be used with accuracy to measure 
% 0.001 inch. 
A drain is provided at one end of the Channel. The fluid used 
is common tap water, a supply being located near the drain. 
The carriage or model mount.—The movable model carriage is of welded 
steel tubing to which an appropriate model mount is attached. Ihis 
mount is ad jus table, allowing the model angle of attack to be varied. 
The present mount, while adequate, should be improved upon, to allow 
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greater accuracy and convenience of adjustment. The present accuracy 
is approximately i 0.5 degrees. The model is allowed to press firmly 
against the bottom, preventing flow underneath the model, The model 
carriage moves along the Channel sides, which act as rails, on eight 
rubber wheels. Four of the wheels, one at each corner, carry the 
carriage weight to the frame, The other four are situated to prevent 
lateral motion, The inset in Fig, 2 illustrates the carriage with 
model in position as used in this work, 
Carriage drive.—A one-quarter horsepower, Single phase, alternating 
current electric motor is used to drive the carriage, This reversible 
motor uses pulleys and a 3/32 inch, continuous aircraft cable of multi-
strand steel to tow the carriage. The carriage motion control is 
obtained by a reversing mechanism and a "Speed-Ranger" device, This 
gives control in either direction for constant speed runs, For vary-
ing speeds or accelerating runs an auxiliary power supply is used. 
This System consists of a 2U volt, lU.5 ampere direct current, series 
wound motor which drives the carriage cable through a set of reduction 
gears. 
By use of the above arrangement, steady speeds of from 0.5 to 
$»S feet per second may be realized with ease. Tiie speeds at the be-
ginning and end of a run never varied more than 0,5 per cent, Only 
slight Vibration attributable to the drive mechanism was noticed. 
A means of accurately timing the speed of the model is made 
possible by the use of a microswitch placed on the track. A cam 2.925 
feet in length is attached to the carriage. This cam trips the switch 
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which automatically operates a timer located on the control panel. 
This timer can be read to 0.1 of a milli-minute and the accuracy is 
within this limit. The control panel containing the timer also houses 
Switches for starting, reversing, operating the drive mechanism, and 
photo flood lights. A pistol grip hand switch on a long extension cord 
was constructed so that the drive cotild be started while the Operator 
was removed from the control panel. This feature was necessary be-
cause of the method used in measuring the water depth around the model. 
Depth measurement.—The first experimental data taken from the Georgia 
Tech water Channel measured the water depth distribution around a model 
by Photographie means. The method and equipment used are described by 
Hatch, Ref. II4. Catchpole, in Ref. l£ also used this method and sug-
gested an improved measuring technique by the use of probes. Visual 
Observation was used to determine when the probes f irst touched the 
water. This was found to be subjeet to considerable error so another 
method was developed. 
This method consisted of insulating the probe from the water 
then lowering the probe until contact with the water is made. This 
completes the grid cireuit of a vaeuum tube, causing a relay to oper-
ate a Signal light. Results obtained with this technique have been shown 
to be closer to theoretical and experimental results than the other 
methods. This probe method was used in all experiraents in this report. 
When the probe method is used, a plexiglass bracket is mounted 
f irmly on top of the model. Probes are made by mounting a steel needle 
in a brass screw of suitable length. Tapped aluminum bushings are 
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pressed in holes drilled in the plexiglass and the probes screwed into 
these bushings. Photographs of a model with probes is shown in Fig. 3. 
The holes being so drilled to place the probe points approximately one-
eighth inch from the model, thereby measuring the water depth at this 
distance from the model» 15113 distance had been suggested in earlier 
works. Irregularities in drilling the holes in the plexiglass and 
needles off center or bent due to handling caused the tips to spiral 
as the probes were lowered by screwing into the bushing. This eff ect 
was decreased to a minimum by plexiglass spacers glued to the model 
between model and probe. The distance of probe tip to model was mea-
sured after most runs and found to be fairly constant for individual 
probes. A tapped wood cover was used to take out play in the tapped 
bushings. Copper or aluminum contacts were used in conjunction with 
a spring clip to connect the probes to the grid circuit, 
A meniscus of approximately one-f ourth inch in height on model 
and starting three-eights inch from the model was observed. Since the 
probe would also be measuring meniscus height, measurements were also 
made in static water of known depth, with the model still, to ascertain 
the error due to the meniscus. It is assumed that this meniscus varies 
little with speed and static depth error is directly applicable to the 
measurements around the moving model. Fig. U illustrates the problem 
posed by the existance of the meniscus« 
Models.—The airfoils tested were the British Goldstein lhh2/l^hl 
"roof-top section" and the Gottingen 62ln The Goldstein section was 
tested in the flexible wall N. P. L. tunnel by Pearcey and Beavan, 
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Ref. 16, at Mach nmribers up to 0.87 giving a comparison of water-channel 
results at subsonic and low transonic Mach numbers. The design condi-
tions for this section are a *- - 0.2 at 0**0.5 degrees, with flow ve-
locity at 0«6 chord (upper surface) reaching the speed of sound at a 
free stream Mach number of 0.69U* It has a maximum thickness of lU.O 
per cent at 0.U2C and a camber (American type, a - 0.6) of 1.5 per cent 
at O.ltfC 
Ttie Gottingen 62h is similar to familiär Clark Y sections in 
that it has a flat under surface aft of 0.3C. It is 16 per cent thick 
at 0.3C with a finite thickness trailing edge. Results of wind-tunnel 
tests at Guidonia at a Mach number of 1.U7 are given in Ref. 17. The 
results of these tests give a comparison at the upper limits of the 
transonic region. Fig. $ shows airfoil ordinates and probe positions. 
The modeis were constructed of laminated mahogany with several 
coats of shellac for waterproofing. Both were of 2J4-O inch chord. 
Wood was chosen because of its light weight. 
Additional equipment.--A length of brass rod was laid in the Channel 
and connected to the ground of the indicator light relay circuit provid-
ing a mutual ground connection. Salt was sprinkled in the Channel to 
insure ionization and therefore better conductivity of the water. 
Since interf erence from ref lected shock waves was noted at cer-
tain speeds, ordinary fine mesh wire was used to line the sides of the 
test section. Biese screens absorbed and dissipated the hydraulic jump 
waves so that they were not reflected from the Channel sides back to the 
model. This is illustrated in Fig. 6 and proved very effective. 
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Testing procedura.—in preceeding experiments using the probe method 
the probe -was lovrered to an approximated mean Position. Then the run 
was made to see if the probe remainsd in the -water or if the depth at 
that point was lower than that of the probe tip. These runs were re-
peated until either the probe just touched the water in the case of 
depth greater than static. In the case of depth less than static the 
runs were repeated until a fraction of a turn would either make or 
break contact with the water. This method is slow, and in the case of 
local depth less than free stream, inaccurate. It was found in both 
static and moving tests that the water adhered to the probe after 
immersion and an error as great or greater than 0.020 inch could be 
incurred due to this surface tension. To overcome this inaccuracy a 
slight modif ication of the probe method was used. 3h this method the 
Operator moved with the model lowering the probe until contact was 
made. Hhe extension swith described previously was used to enable 
this control of the movement while adjusting the probes. 
The probes are lowered from rear to front one at a time to pre-
vent interference caused by probe wake. When all probes have been 
adjusted the model is removed from the Channel• The local depth of 
the water is then measured using a surface plate and height gage. The 
accuracy of the gage is 0.001 inch. 
Preceeding each test run the average static water depth of the 
test section and immediate area was adjusted. Depths were held to 
±. 0.001 inch. Carriage speed was then adjusted until the timer 
read the desired calculated tijne within ±. 0.2 milliminute. The 
model was wetted each time to insure equal meniscus effect. The passes 
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were then made, allowing time in between starts to allow the water 
to settle until no motion -was visible. The probes were adjusted and 
the depths measured and connections made as stated in the previous 
section. 
The angle of attack of the model -was set by using the rotable, 
calibrated model mount, 
Tests conducted.—Both airfoils were tested under the following condi-
tions: 








The following angles of attack were used at each Mach number: 
-2,5, -l»5j 0.5, 2.5, h.St 6,5 degrees 
The greater depth was used at the lower Mach numbers to increase 
the mechanical accuracy of the depth measurements. 
Determination of coefficients.—The speed of the model was calculated 
for a given Mach number, by the relationship /^=^5 ̂ 5 and equation 
(13b) was used to determine ^o . 
After obtaining the local depth Variation the pressure coeffi-
cient was determined using equation (lU). The pressure coefficients 
were then plotted versus per cent chord and per cent thickness. These 
plots, when integrated by a planimeter (area and first moment) yield 
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C | | 9 C c and jCm e / . ftie section l i f t and drag coefficients 
were then calculated from the following re la t ionsh ips . 
JC * C N cos<* - Cc svn<* 
^ a r Ct C o s * + C ^ s . n * 
CHAPTER V 
DISCUSSION OF HES'JLTS 
This thesis -was initiated to investigate the application of the 
hydraulic analogy to testing in the transonic region. The data obtained 
in the above investigation was sufficient to enable a comparison of two 
airfoils operating in this region. The results and related factors of 
each problem will be discussed in tum. 
The Ity-draulic Analogy 
Evaluating water Channel results by comparison with existing 
data leads immediately to complications. The only data available for 
this purpose is meager Y/ind-tunnel data. Theory is noticably scarce 
concerning airfoils of this type in the transonic region, Therefore 
in evaluating the analogy, not only must factors affecting the results 
of the water Channel be examined, but also the validity of the water 
channel-wind-tunnel comparison must be questioned, 
Factors affecting the accxiracy of the analogy will be discussed 
first. 
Determination of test mach number.—The assumption that the vrave velocity 
JC • V<3 a * 
is not entirely correct. As Laitone, Ref. 13, and others have pointed 
out, the "group velocity" determines the equivalent Mach number in the 
lengths, the group velocity will be deterained, in part, by the short-
est wave length present. In Hef. 18, Milne-Thompson shows the group 
velocity to be 
x: - >c • A- -JX 
where JC - V<3 *̂ s 
A»«> 
X s - shortest wave length 
<*< 
—- r change of celerity with respect 
A to wave length 
Fig. 7 illustrates the Variation of wave velocity with wave length, 
The effect of surface tension and depth is clearly shown. The exact 
equation for wave velocity is 
# • !??)**«*) 
where T = surface tension 
When d s « A and T « X / o , the above equation reduces to 
The figure shows the necessity of a large model and water depth at a 
practical minimum. However, even if the model size is relatively large, 
the disturbance may be partially composed of small wave lengths. This 
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is especially true when depth varie3 rapidly along the model surface. 
The effect of the reduced wave length would be to lower the distur-
bance propogation rate (group velocity). This, in turn, causes the 
ratio (model velocity)/(disturbance velocity), i.e. Mach number, to 
be higher than that indicated by the analogy where model velocity and 
V^cAs' determine the Irlach number. Fig. 7 shows that a depth of 
0.20 inches is desirable if tap water (surface tension = .00lp.6 Ib./in.) 
is used as the fluid, 
Wall interference.—No attempt was made to determine the effect of 
the Channel boundaries on the pressures at the model. It would appear 
that such would exist, especially at the higher Mach numbers where it 
is visually apparent that the pressure Variation extends to the wall. 
The author believes that an arrangement similar to that used to minimize 
shock reflection could be used to minimize boundary effects. 
Blocking or chocking.—Blocking or chocking m ans that a sonic line 
from model to wall is established. Vftien this occurs in the wind-tunnel 
further attempts to increase flow velac ities past this Mach number re-
sult in increased power and Stagnation pressure, but no increase in 
Mach number. The sonic line will remain approximately at the minimum 
area point until a normal shock "pops" in front of the model. The 
model will then be operating in subsonic conditions behind the normal 
shock in the tunnel. 
This important Mach number can be computed on an area basis. 
M = O.87 was greater than the calculated blocking speed by either one-
dimensional flow theory or computations based on the methods in Ref. 19. 
However, the af orementioned shock wave -was not noted as the model 
traveled down the Channel at any of the test Mach numbers. An excep-
tion to the last statement would be the test at a Mach number of 1.00 
where the shock would be expected to appear. 
Two n&in problems complicate the comparison of vrater Channel 
results to wind-tunnel data. The first is doubly important since it 
is necessary to establish the analogy. 
T = 2.0«~The basic requirement for the analogy is that IT =2.0 
for the analogous gas flow. Therefore water Channel results can com-
pare directly with wind-tunnel results only ±f the effect of varying 
T is small, It is necessary to examine the signif icance of this 
factor in gas flow. 
When considering two-dlmensional airfoil tests, pressure dis-
tribution is of prime importance« In incompressible flow this pres-
sure will be a function of the square of the (local velocity)/(free 
stream velocity) ratio. SJrni.larity of flow velocity is equivalent to 
similarity of pressure distribution. Hbwever, compressible flow pre-
sents another problem. As seen in the equation 
**i-(5f 
pressure distribution is no longer solely dependent on local velocity 
(Mach number) but also on Y . Therefore, similarity of both pressure 
distribution and local Mach number can not exist sirnultaneously when 
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comparing flows of different specific heat ratios. This is demonstrated 
in Fig. 8. It is to be noted that, as Ääach number increases superson-
ically the effect of X" decreases. Also significant is the fact that 
a lower critical pressure ratio (where U s 1.0) is required when f = 2,0. 
The pressure coefficient is also affected by IT asseenin equation 
(1I4.) • The similarity rules, mentioned on page 9 > point out the 
signif icance of f in transonic flow. 
Various methods of modifying the analogy are suggested by the 
flow equations for gases and free surface liquids. One such modif ica-
tion, suggested by Ippen and Harleman in Ref. lk> considers the contin-
uity equations. Here the relationship 
a . JL 
r* " p Equation (7) 
is not dependent on f . Pressure coefficients are then determined 
using X = 1.1*. The effect of this modification is shown in Figs. 9 
and 11. Changes in pressure distribution using this modif ication are 
shown in Fig. 9 for two typical check points. There is a roarked change 
at M = 1.U7, however little difference is evident at the subsonic Mach 
number. Lift and drag coefficients are therefore relatively unaffected 
at the lower test velocities. The effect at the higher Mach number is 
adverse as for as correlation with wind-tunnel data is concerned. Since 
the modif ication shows no increase in correlation, no attempt was made 
to incorporate the modification in the airfoil comparison. The assump-
tions of isentropic flow are invalid for flow with a discontiunity. 
However, using normal shock conditions when shock waves occured did not 
affect the subsonic data. The effect at M = 1.U7 "was about half that 
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of 3" modification. Since the shock is detached and curved other 
methods should be used to correct for entropy increase. 
Viscous effects.—In transonic flow Reynolds number is of considerable 
importance. Kot only is laminar or turbulent flow a governing factor 
in pressure distribution preceeding the shock wave but the shape of the 
shock -wave is determined in part by the type of boundary layer. The 
shock wave-boundary layer interaction also äffects the pressure distri-
bution following the shock wave. Fig. 10 illustrates this fact. This 
figure, taken from Ref. $, shows shock -wave and pressure distribution 
Variation with Reynolds number for the same circular are airfoil. Rey-
nolds numbers were not listed for the Goldstein airfoil tests but the 
illustrations of shock waves suggest laminar flow. The X shock, 
characteristic of laminar flow, was observed in their tests. In the 
water Channel all observed shock waves were more of the type associated 
with turbulent flow. However, at high supersonic Mach numbers the vis-
cous effects are reduced considerably, especially in the case of attached 
shocks. 
Comparison with wind-tunnel results.—It has been shown in the previous 
discussion that several items may äffect a direct comparison of water 
Channel results to those of the wind-tunnel. Ihe data obtained in the 
ezperimental work in this thesis does not enable the various effects to 
be evaluated separately. However, a comparison of the results can deter-
mine the possible magnitude and type of error, if such discrepancies 
exist. 
3U 
Fig. 11 shows results from wind-tunnel tests at a Mach number of 
l.h7, Ref. 17. AIthough scatter is evident, very close comparison is 
obtained with the direct analogy at this Mach number. This has been 
true of previous tests of this type conducted at the Georgia Institute 
of Technology, specifically in Refs. l£ and 20. These tests were, in 
the main, at supersonic Mach numbers and all used pointed slender air-
foils. The previous discussion concerning the effect of f , viscos-
ity and surface tension suggest that the higher the Mach number, the 
better the comparison with wind-tunnel results. 
At this point it would be well to describe the method used in 
fairing the various curves of lift, drag and moment coefficients. These 
coefficients were plotted versus Mach number at constant angle of attack 
and versus angle of attack for constant llach number. Fig. 12 illus-
trates this method for the lift coefficients of the Goldstein airfoil. 
Once these plots are consistent, the data is cross plotted, i.e. lift 
versus drag and moment in the familiär fashion. This enables the ex-
perimenter to establish trends and obtain consistent results even though 
"scatter" raay be in evidence. 
Fig. 12 also shows the results of the subsonic wind-tunnel tests 
for the Goldstein airfoil. It is evident that more water Channel data 
is needed in the subsonic region from M = 0.U to 0.8. Regardless of 
the fairing of the curves, it can be seen that there is a discrepancy 
betvreen the wind-tunnel and water Channel data. Evident is the less 
abrupt decrease in lift (at constant angle of attack) for the water 
Channel results. Also evident is the fact that the peak values are 
occuring at a lower Mach number. This sug^ests that compressibility 
effects are occuring at lower Mach numbers. 
The fact that the local speed of sound is reached at a lower 
pressure coefficient when )T =2,0 (or conversely, that for a given 
pressure coefficient the Mach number is greater Tor • = 2.0) would 
tend to cause compressibility effects to occur at a lower free stream 
velocity. This assumes that the pressure distributions would agree unti 
compressibility effects occur. 
If group velocity were lower than the celerity used to determine 
Mach number, the airfoil would actually be in what would correspond to 
a higher Mach number flow. This was discussed previously under "Wave 
Velocity". 
The fact that the airfoil appears to be at a higher Mach number 
than that computed is substantiated in Fig. 13. The pressure distribu-
tion at Mach 0.5>7 i-s in fair agreement, although the pressure distribu-
tion obtained in the water Channel shows the characteristics of a high-
er free stream speed than the wind-tunnel data. The lower Illustration, 
however, shows clearly tliat this mismatch of Mach numbers exists. In 
this plot the water Channel data at M = 0.6? agrees very closely with 
wind-tunnel results obtained at M = 0.779. The typical roof-top pres-
sure distribution typical of laminar flow airfoils is evident for the 
Goldstein at a wind-tunnel Mach number of 0.682, but not in the water 
Channel. Qn the lower surface, where local speeds are lower, agreement 
between the near equal Mach numbers is much better. Fig. Ik illustrates 
a similar comparison of pressure coefficients. Ihis data, plotted from 
Ref. 12, also shows water Channel results in closer agreement at the 
high negative pressure coefficiency, with wind-tunnel data obtained 
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at a higher Mach number than that obtained at the same speed. 
It is likely that surface tension, f effects and viscosity 
differences all contribute to these discrepancies. As was previously 
mentioned, it is impossible to evaluate these effects separately from 
the data contained in this thesis. Fig. 1$ shows the effect of water 
depth, the smaller depth perhaps being less liable to error from surface 
tension phenomena. Although agreement with wind-tunnel pressures is 
poor the shock wave position (evidenced by the peak pressure and rapid 
fall-off) is further aft for the case of the greater free stream depth. 
This is true also in Figs. 2h and 25>. However, the lift coefficient 
for this depth is almost identical to that of the wind-tunnel at this 
speed and angle of attack. Öbserved shock waves in the water Channel 
normally occured further aft and at lower Mach numbers than in the wind-
tunnel. 
On the basis of the data discussed above, it appears that high 
subsonic water Channel data is qualitative at best, at least for this 
type of airfoil. It also appears that, as test speeds increase super-
sonically, the data from the water Channel approaches that of the wind-
tunnel. It is evident that further experimentation is desirable to 
determine the various phenomena that tend to cause error between the 
hydraulic analogy and wind-tunnel tests. 
Airfoil Comparison 
It is apparent from the preceeding discussion that this data can-
not be compared quantitatively with wind-tunnel results. Since the 
Goldstein airfoil is deslgned for viscous flcw, there may be some question 
conceraing the validity of a qualitative comparison of airfoils in the 
subsonic region because the effects of viscosity mar differ in the two 
testing methods. If pressure distribution affects wave length to the 
extent that group velocity is altered, the airfoils may be operating at 
different Mach numbers, although in the direct analogy they would be 
equal. However, the relative level of various parameters would not be 
affected by the existence of such discrepancies. 
Plots of the lift curve, drag polars and pitching moments are 
presented in Figs. l6 through 19» Here, in Standard form, are the 
results of the water Channel at all Mach numbers. However, certain 
parameters that define these curves are more useful and present data 
in Condensed form« These various parameters are shown in Figs. 21, 22 
and 23 plotted versus Mach number to show the effect of the airfoil 
shape and the Variation -with Mach number. 
These parameters define the lift curve, drag polars and moment 
curves. The word define must be used in a limited sense however. For 
example, drag polars are not exactly parabolic, lift and moment curves 
are not necessarily straight lines. However, normally of main interest 
is that ränge of lift coefficients where the straight line, parabola, etc., 
approximates are accurate enough for engineering usage, This is especially 
true of the speed ränge that is the concern of this thesis. Fig. 20 
illustrates the idealized cases and the defining parameters for these 
conditions. These parameters are familiär to the aeronautical engineer 
and need not be discussed in detail. They are presented here to avoid 
misinterpretation of the data, The drag due to lift factor for a cam-
bered airfoil, K, is not shown, since to accurately define this parameter, 
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a wider ränge of ̂ s is required. 
Lift.--Fig. 21 illustrates the various parameters concerning lift. The 
shaded areas in Figs. 21, 22 and 23 demonstrate the variance froiu the 
idealized case for slopes and in scatter due to possible fairing. The 
lü*t parameters show that the airfoil shape does not affect, to a great 
degree the Variation of the parameter with Mach number. However, the 
magnitude of the parameter is affected. As would be expected from ex-
amination of the camber of the two airfoils, <*\JO is more negative 
for the GÖttingen airfoil. However, this effect of camber seems to 
dirainish at higher Mach numbers. The lift coefficient for minimum drag 
is another function of camber and here, too, the effect of camber de-
creases with increasing Mach number. Die -C^ for minimum drag 
actually goes negative over a considerable ränge of Mach numbers. It 
would seem unlikely that this is the true picture, however. Die Varia-
tion of ->CJI shows the superiority of the more nearly symmetrical 
airfoil of the higher Mach numbers. This factor for the Goldstein air-
foil is approximately fifty per cent higher in this region. The Varia-
tion of lift with angle of attack at M = 0.57 shows a similarity to 
shock stall. However, there is not enough data to establish the occur-
ance of this phenomena, 
"Drag.—Drag parameters are presented in Fig. 22. Die drag due to lift 
and the minimum drags of the Goldstein Xhh2/l$h7 are much lower at the 
higher speeds. This fact demonstrates the importance of the snape of 
thick airfoils in the transonic region. Diis difference could be caused 
by the chordwise position of maximum thlckness, the type of thickness 
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Variation, or both, Note that the previously mentioned negative ^n 
for minimum ^A causes ^ j p e to be higher than ^J^,,^ (Goldstein 
airfoil), A peculiar effect, evident for both airfoils, is the slight 
Increase in ^ „ . ^ with Mach number following the decrease f rom the 
abrupt peak, 
Moment.—Ihe aerodynamic center location is of Singular importarc e and 
is shown rather than *A ^<*y / <=l ^n » Ine shift in a.c. through the 
difference in location decreases with Mach number. A peculiar note in 
this Situation is that, -with increasing Mach number, the aerodynamic 
center moves forward on the Gottingen airfoil aft on the Goldstein 
section, Ihe Variation of ^C/«0 is markedly* diff erent for the two 
airfoils, However, much of the data for the Gottingen section was 
obtained by extrapolation and is doubtful in nature. 
Pressure distribution,—Figs, 2li and 25 demonstrate the difference in 
the pressure distribution of the two airfoils at constant angle of 
attack and various Mach numbers. The particular angles of attack were 
chosen because at Mach numbers of 0,f>7 the lift values were nearly equal. 
The effect of shape at the 0.57 Mach number is demonstrated, Although 
the lift values are the same, the distribution is quite diff erent. Amount 
and type of camber account for the near equality of lift at the diff erent 
angles of attack. It can be seen from a comparison of these pressure 
distributions that the advantage of the high camber diminishes at the 
higher Mach numbers, At M - l.itf the Gottingen airfoil is near zero 
lift, while the lUU7/lf>U7 airf oil is at a X - of near 0,1. 
Suinmary of lüscussion 
Besults obtained from the water Channel at the higher Mach num-
bers are more consistent and are in better agreement with wind-tunnel. 
Although this could be true of only this type of airfoil, a combination 
of viscous effects andphysical phenomena associated with the application 
of the analogy could bring about the discrepancies at the lower speeds. 
However, there seems to be no evident reason why, with caution, the 
hydraulic analogy cannot be used for comparison purposes where quali-
tative results are sufficient. The usefulness and ease of application 
of the analogy to scientific investigation Warrants increased study 
and experimentation. This further investigation is necessary to deter-
mine the füll extent of the application and limitations of the analogy. 
As previously mentioned, the comparison of the airfoils tested 
is restricted at the high subsonic velocities. Both scatter and detri-
mental effects of various factors create doubt in this region. The 
change of the free stream depth at ISach 0.8$ affects the observed 
Variation of parameters with Mach number» A qualitative comparison at 
the lower supersonic velocities shows the Goldstein lUU2/lf>lt7 to have 
less minimum drag, greater Variation of lif t with angle of attack and 
less drag due to lift. A3s o evidenced in both airfoils is that camber 
is less effective at the higher Mach numbers. Although, after an 
initial decrease, the camber effects of the Goldstein airfoil show a 




The results of this group of experiments, although based on a 
limited amount of data, are sufficient to derive conclusions consistent 
with the scope of the thesis and the type of esperimental data. 
1. At higher Mach numbers (wherein subsonic flow is at a minimum) 
•water Channel results are in close agreement -with wind-tunnel tests. 
2. The direct application of the hydraulic analogy does not yield 
results compatible with wind-tunnel data at high subsonic Mach numbers. 
3. The individual, as well as accumulative, effects of surface 
tension, viscosity, f difference and boundary interference on the 
hydraulic analogy and the wind-tunnel-water Channel comparisons must 
be evaluated before further testing in the transonic and subsonic region. 
U. Ihe airfoil designed for high subsonic Operation is superior 
to the low subsonic airfoil throughout the transonic region. Superior 
refers to having greater aerodynamic efficiency and other desirable 
characteristics. 
$, Hie effect of camber on the characteristics of airfoils 
diminishes as Mach numbers increase supersonically. 
6. The hydraulic analogy is a desirable method for evaluating 




As a result of the experiments performed preparing this thesis, 
the author has several recommendations. These suggestions concern equip 
ment improvement, experimental technique and future research, 
If many experiments with one model are to be conducted, it is 
advisable to have metal as that part of the model in contact with the 
Channel bottom and the water. This would prevent the edges from being 
torn and thereby affecting the original contours of the model. Solid 
metal modeis, if not too heavy, are desirable. Otherwise it is recom-
mended that the bottom and a portion of the sides be encased with a 
suitable, noncorrosive metal. Aluminum is suggested. 
While probably the most versatile and easily constructed, the 
probe method of measureraent, as applied in these experiments, has the 
disadvantage of requiring a large amount of experimental time in the 
collection of data. It is suggested that a small electric motor with 
automatic braking device and revolution counter be constructed to lower 
the probe. Such a device could be constructed to measure depth at any 
point desired on the model. Although the initial time to de sign, build 
and test such a device would be quite large, the time saved thereafter 
would be considerable. With a quick, accurate method for depth measure-
ment, much more data could be taken, insuring more accurate results. 
Several themes for additional research were suggested throughout 
the experiments and during the analysis of the results. These are 
enumerated belows 
1* Effect of viscosity in the water Channel. A study to deter-
mine the effect of viscosity on pressure distribution, shock -wave type 
and location and to correlate with Heynolds number and type of boundary 
layer in viscous gas flow. 
2. Effect of surface tension and wave length on model testing. 
This study should determine if abrupt pressure variations (i.e., depth 
Variation) of the type encountered in blunt modeis in the subsonic 
region affects the group velocity and the equivalent Froude number, 
3. Blockage effect. A systematic investigation of this phe-
nomena comparing the toited model and the still model Trith flovriLng ivater. 
h. Itypersonic testing. A theoretical and experimental study 
evaluating the application of the hydraulic analogy to hypersonic testing. 
$9 Theory evaluation. As more and more work is done, both theo-
retical and experimental, new theories arise. The v/ater Channel is a 
perfect device for the evaluation of such theories is within the limita-
tions of the analogy. A typical exainple v/ould be the evaluation of 
Ferrie's method for determining pressure drag behind a detached shock, 
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